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Segmental early relaxation, a form of ieft ventricular
asynchrony, refers to lengthening of a myocardial seg-
ment before mitral valveopening. This phenomenon may
occur in normal and diseased hearts; when it is seen in
a diseased ventricle it may occur in either the abnormally
contracting segment or the normal segment. Experi-
Myocardial relaxation can be considered as the process by
which myofibrils return to their initial resting tension and
length. In the intact heart a decrease in pressure normally
precedes chamber filling; however, segmental lengthening
during the period of decreasing isovolumic pressure occa-
sionally results in what has been called "segmental early
relaxation" (I). The purpose of this report is to summarize
the published data on early relaxation, review some of the
factors known to influence left ventricular relaxation and
suggest how these factors might cause this interesting
phenomenon.
Segmental Early Relaxation Phenomenon
The segmental early relaxation phenomenon has been
defined as localized early outward motion of the left ven-
tricular wall, usually occurring in a normally contracting
segment and accompanied by simultaneous inward motion
in another segment (I). This asynchronous motion occurs
after the ventricle has achieved its smallest systolic volume;
the term "early" refers to the observation that a segment
of the left ventricular wall appears to lengthen and move
outward before the mitral valve opens. Although others (2)
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mental data indicate that altered loading conditions, es-
pecially nonuniform distribution of load or functional
inhomogeneities (as may occur with regional ischemia),
or both, may result in asynchronous relaxation of the
left ventricle.
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had previously described similar patterns of unusual wall
motion, it was Altieri et al. (I) who first defined and used
the term "segmental early relaxation phenomenon." Later,
Hamby et al. (3) refined the description by correlating in-
dividual cineangiographic frames with the electrocardio-
gram and central aortic pressure recordings. They noted that
the outward motion sometimes began before aortic valve
closure and confirmed that the phenomenon was established
well before the onset of ventricular filling (before mitral
valve opening).
Relation to coronary artery disease. The early relax-
ation phenomenon is seen most frequently in the anterior
wall of the ventricle. Perhaps because of this, attempts have
been made to establish a relation between segmental early
relaxation and the presence of left anterior descending coro-
nary artery disease. However, the phenomenon has been
seen in patients with and without coronary disease, and when
coronary artery narrowings were present, there was usually
a poor correlation between the distribution of the stenosed
vessel and the segment exhibiting early relaxation (3,4).
Gibson and coworkers (5-7) examined late systolic wall
movements during the interval between minimal cavity size
and mitral valve opening (utilizing cineangiograms and
echocardiograms) and constructed detailed three-dimen-
sional maps of endocardial motion that allowed localized
abnormalities to be identified. These studies, which provide
the most quantitative available data regarding regional wall
motion during the so-called isovolumic relaxation period,
clearly document early outward wall motion in areas sup-
plied by normal coronary arteries; this outward motion was
accompanied by inward motion in regions supplied by dis-
eased vessels. In contrast, Wilson et al. (8) observed a close
correlation between anterior wall segmental early relaxation
and disease of the left anterior descending coronary artery.
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some of the factors that influence myocardial relaxation and
discuss the manner in which these factors might contribute
to asynchronous (segmental early) relaxation of the left ven-
tricle. As will be seen, there appears to be no single ex-
planation for the phenomenon; in fact, it is likely that several
factors, alone or in combination, may under different cir-
cumstances produce segmental early relaxation.
Figure 1. Diagrammatic representation of the effect of early and
late increments in myocardial load. The control records are shown
as solid lines and the effects of an increment in load are shown
as dashed lines. In the left panels, load is increased early in
contraction; less shortening occurs, the onset of lengthening is
delayed and lengthening rate is reduced. In contrast, when the
load is applied late, during force decline, the muscle lengthens
prematurely and the rate oflengthening is increased (right panels).
This response to a late increment in load is an example of "load-
dependent relaxation."
Myocardial Relaxation
Myocardial relaxation, the process by which myofibrils
return to their initial tension and length, is influenced by an
interplay of multiple factors. These include the process of
deactivation (the reversal of biochemical events that lead to
activation-contraction) and the prevailing loads on the myo-
cardium. The loading conditions early in the contraction
(12), the history or time course of load during contraction
(13) as well as loads applied late in contraction (14) all may
influence the time course of relaxation; the effects of early
and late loads are shown in Figure 1. The process of myo-
cardial relaxation, which is initiated and proceeds according
to interactions between load and deactivation, is modulated
by neurohumeral and metabolic influences (that is, ischemia
or hypoxia) as well as by pharmacologic interventions and
changes in the synchrony of contraction-relaxation (14-16).
Prolonged isovolumic relaxation, ventricular pressure
and afterload. We and others (17-19) previously dem-
onstrated a direct relation between left ventricular systolic
pressure and the isovolumic relaxation time constant during
a variety of experimental hemodynamic interventions that
impose afterload changes early in the cardiac cycle. In these
studies, the systemic administration of vasopressors, which
These. discordant clinical observations on the relation of
segmental early relaxation to the presence or absence of
coronary disease have not yet been resolved.
Relation to rate of left ventricular pressure decrease
and loading conditions. Although early relaxation is gen-
erally regarded as a regional or localized phenomenon, vari-
ables based on the rate of left ventricular pressure decrease
may also be affected. In this regard, Ludbrook et al. (9)
compared data from patients with synchronous wall motion
with data from a group exhibiting segmental early relax-
ation. Although the distribution of normal and diseased ven-
tricles was similar in both groups, several measures of iso-
volumic relaxation rate indicated prolonged pressure decrease
in ventricles exhibiting asynchronous "protodiastolic seg-
mental wall motion." These observations are consonant
with those of Alam et al. (10), who found an increased
isovolumic relaxation time in patients with this phenome-
non. Ludbrook et al. also made the important observation
that isometric exercise exaggerates the phenomenon, whereas
nitroglycerin attenuates it. The segmental early relaxation
phenomenon, therefore, appears to be a dynamic phenom-
enon that is influenced by acute alterations in left ventricular
loading conditions.
Quantitative data on regional wall motion. In studies
designed to quantitate regional wall motion in human sub-
jects, Klausner et al. (II) performed frame by frame analysis
of left ventricular cineangiograms and found a systematic
inhomogeneity in normal ventricles. Their data indicate that
anterior wall lengthening occurs earlier and more rapidly
than that seen in inferior wall segments. Thus, it seems
possible that the early relaxation phenomenon could, in
some patients, be an exaggeration of normal inhomogeneity.
With the exception of the detailed studies by Gibson and
coworkers (5-7) of left ventricular wall motion, it should
be recognized that the published reports on early relaxation
consist almost entirely of qualitative angiographic obser-
vations and that quantitative measurements of regional wall
motion will be necessary if we are to understand the entire
spectrum of asynchronous contraction-relaxation of the left
ventricle.
Mechanisms. Any hypothesis regarding the mechanism
or mechanisms responsible for the segmental early relax-
ation phenomenon must account for its occurrence in normal
and diseased ventricles, its dynamic behavior and its seg-
mental nature. The explanation of Hamby et al. (3) impli-
cating unrecognized localized conduction disturbances re-
mains unsupported, but it is possible that local electrical
delays can exist despite a normal electrocardiographic QRS
complex. The suggestion that a small increment in ventric-
ular volume occurs during aortic valve closure does not
account for the segmental nature of the phenomenon (4).
Thus, the descriptive nature of the existing studies provides
little insight into the mechanisms responsible for the early
relaxation. In the next section of this report, we will review
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t
i l
1 1
1 •••••
~ 1 ~.,
I 1
1 I
LOAD 1 1
~ I 1 .1 11 II I
1 1
~, : ..",1 :1 I:I :I •
I I
I I
1 I
1 I
~.,.....
..../1 :"----
: 1
I I
JACC Vol. 5, No.4
April 1985:891-7
GAASCH ET AL .
ASYNCHRONOUS RELAXATION OF LEFT VENTRICLE
893
increase after load early and throughout systole, causes a
slower time course of isovolumic pressure decrease; vaso-
dilators result in a more rapid isovolumic pressure decrease .
The finding of prolonged isovolumic relaxation at higher
left ventricular after load (increased systolic pressure and
length) is analogous to the observation of Parm ley and Son-
nenblick (20) in isolated muscle, but should be disting uished
from the concept of Brutsaert et al . (14) of . ' load-dependent
relaxation ." Essent ially , this distinction depends on the dif-
ference between the effects of load alterations imposed early
in the contraction cycle (which can still reset the force po-
tential to a new level) and of alterations in the prevailing
load late in contraction and throughout relaxation (when
readjustment of force potential is unlikely). Late in con-
traction, the number of crossbridges cannot be increased to
support an additional load; as a result, relaxation is induced
prematurely and its time course is more rapid . These spec-
ulation s are supported by the observation that left ventricular
isovolumic pressure decrease occurs earlier and is more
rapid when an increment in pressure (21) or length (22) is
applied late in systole. The example shown in Figure 2
illustrates the effect of a load (volume) increment on pres-
sure decrease in the intact dog heart .
The phenomenon of load-dependent relaxation as defined
by Brutsaert et al. (14) is based on a substantial body of
experimental data which indicate that myocardial length-
ening occurs early when an increment in load is applied
near the end of contraction. Thus, the application of a load
during the late phases of contraction can not only affect
isovolumic pressure decline (see foregoing), but it may also
influence lengthening. Recognizing that the segmental early
relaxation phenomenon (early lengthening) occurs well be-
fore mitral valve opening, how can our current understand-
ing of myocardial relaxation contribute to a better under-
standing of the mechanisms responsible for the phenomenon?
First, consider the factors that might promote early rapid
relaxation of myofibrils: what might cause a late load in-
crement and thereby promote early rapid relaxation? Sec-
ond, recall the localized nature of the phenomenon: if load-
dependent relaxation is to be implicated in the genesis of
segmental early relaxation, inhomogeneity must exist within
the wall of the ventricle. In the next section, we will discuss
hemodynamic factors which may be at least partially re-
sponsible for segmental early relaxation; this will be fol-
lowed by a discussion of left ventricular inhomogeneity .
Hemodynamic Factors
Reflected pressure waves. Reflected waves, which de-
pend in part on the properties of the arterial system. may
influence instantaneous ventricular load during ejection by
changing the aortic pressure waveform. The shape of the
ascending aorta pressure wave and its relation to aortic input
impedance has been studied in patients without heart disease
by Murgo et al. (23). In their studies, a late systolic ("sec-
ondary") increase in pressure was associated with a more
oscillatory impedance spectrum than was observed in pa-
tients whose early systo lic pressure exceeded late systol ic
pressure. These observations appeared to be due to differ-
ences in reflections within the arterial tree, and not to dif-
ferences in cardiac function .
The amplitude of a late systolic (reflected) increase in
pressure can be modified by external compression of the
femoral arteries as well as pharmacologic or other short-
term interventions; minute to minute, or even beat to beat,
changes in the ascending aorta pressure waveform can create
Figure 2. Effect of an abrupt volume in-
crement on the time course of left vcn-
tricular pressure . These data were ob-
14 140
tained using a computer-controlled servo
pump connected to the apex of an intact
dog left ventricle . The solid lines are con- IZO 120
trol isovolumic beats and the dashed lines
are intervention (quick stretch) beats . In 100 tOO
the left panel , the volume increment (6
¥ ";.ml of blood) is given early in contraction. 180 J: 80In the right panel , the volume increment !
is given late in contraction. The early vol- ~ 160~ 6Oume infusion caused a slight delay in the ..onset of pressure decrease . By compari- Ii..
son, the volume increment given in late 40 40
systole produces a quite different result .
Here the pressure decrease is earlier and 20 ZO
much more rapid; peak negative dP/dt in-
creased from 1,742 mm Hg/s in the con-
00 00trol beat to 3,005 mm Hg/s in the inter- 500
vention beat. This response to a late systolic
stretch is a manifestation of "load-de-
pendent relaxation" in the intact heart .
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alterations in the time course of left ventricular systolic
pressure. Such an abrupt increase in late systolic pressure
is analogous to the application of a load increment late in
the contraction of an isolated muscle preparation. In this
manner a late systolic reflected wave could produce early
or premature relaxation of the ventricle (load-dependent re-
laxation). This speculation is consistent with the observation
that isometric exercise and vasopressors tend to exaggerate
segmental early relaxation, whereas nitroglycerin tends to
reduce it (9). However, regional inhomogeneities in left
ventricular stiffness or other factors must also be present if
one is to explain the segmental nature of the early relaxation
phenomenon.
Aortic valve closure. During aortic valve closure a small
portion of the left ventricular stroke volume returns to the
ventricle. Apparently, this increment in left ventricular vol-
ume at the very end of systole can amount to as much as
10% of the total stroke volume. Thus, if the stroke volume
is calculated (that is, angiographically) from the end dia-
stolic and the smallest late systolic cine frames, stroke vol-
ume will be overestimated (4). The factors that influence
the magnitude of this volume increment are not defined, but
it is possible that relative pressure transients in the aorta
and left ventricle as well as the pliability of the valve leaflets
are important in this regard. If this is true, long-term changes
in aortic valve structure and short-term changes in central
hemodynamics can influence the magnitude of this physi-
ologic aortic regurgitation.
This small increase in left ventricular volume at the end
of systole is analogous to a load or length increment late in
the contraction sequence of isolated cardiac muscle; the
concept of load-dependent relaxation then explains how the
process of left ventricular relaxation (lengthening) is initi-
ated early, that is, near the time of aortic valve closure.
Similar to the effect of reflected pressure waves, this in-
crement in left ventricular volume shold have a global effect
on relaxation and, thus, it alone would not be expected to
produce segmental or asynchronous changes.
Coronary perfusion. Pure alterations in coronary blood
flow may be responsible for changes in left ventricular sys-
tolic function and diastolic compliance. These alterations,
which are said to be due to an erectile or hydraulic effect,
may occur in the absence of metabolic changes (24-26).
Presumably, increased coronary perfusion pressure and
coronary blood flow result in coronary vascular engorge-
ment (erectile effect), which in tum causes an increase in
perivascular fiber stretch and an increase in fiber tension;
conversely, a short-term decrease in coronary blood volume
may reduce fiber stretch. Immediately after aortic valve
closure, while left ventricular pressure is decreasing, an
abrupt increase in coronary blood flow occurs (27). Owing
in part to the rapid decrease in chamber pressure (and in-
tramyocardial pressure), coronary blood volume rapidly in-
creases and measured left ventricular wall volume (wall
thickness) increases. Thus, after aortic valve closure, abrupt
coronary engorgement may result in a lengthening force
which is applied to the myocardial fibers that surround en-
gorged vessels; in this manner the erectile effect might con-
tribute to early relaxation.
This mechanism is especially appealing because it might
explain the observation that the segmental early relaxation
phenomenon is more common in the distribution of the left
than of the right coronary artery (4). In the normal heart,
left coronary flow reaches a peak immediately after aortic
valve closure, whereas right coronary flow shows less vari-
ation throughout the cardiac cycle. Importantly, in coronary
artery disease, vascular obstruction might well limit the
degree of vascular engorgement and fiber stretch distal to
the stenosis, thus allowing for inhomogeneous distribution
of the late systolic load (stretch). This hypothesis is con-
sonant with the observation that the early relaxation phe-
nomenon is generally seen in segments supplied by a patent
vessel.
Inhomogeneity
Acute myocardial ischemia. It is generally accepted
that myocardial ischemia impairs or slows the relaxation
process (II). Ischemia also influences the load dependency
of relaxation and, if it is localized to a segment of the left
ventricle, a complex situation of functional, temporal and
spacial inhomogeneity develops. Thus, the notion that seg-
mental early relaxation is due to ischemia itself is a difficult
hypothesis to test. There is, however, indirect evidence that
mild ischemia (or hypoxia), or ischemia of very brief du-
ration, is associated with the early relaxation phenomenon
if the ischemic (weak) segment is placed in series with a
normal (strong) segment.
Wiegner et al. (28) studied the interaction of myocardial
segments of different strengths by modeling the contraction
of strong (normal) and weak (hypoxic) muscle in series.
They studied this interaction by using a computer that stored
the force record of a normal contraction. The hypoxic mus-
cle then was subjected to the normal force pattern and in
effect was contracting in series with normal myocardium.
Data from a typical experiment are shown in Figure 3. The
first change in the length record of the hypoxic muscle (5
minutes) is an early onset of lengthening that increases pro-
gressively during the hypoxic period. The important ob-
servation relative to the present discussion is the premature
onset of lengthening in the hypoxic segment that occurs as
a result of greater force in the normal segment at that time.
Brief ischemia. Early segmental ischemia in the intact
dog heart is also associated with the early onset of segment
lengthening (Fig. 4) (29). Within 30 seconds of coronary
occlusion, the segment shows an early lengthening pattern
that is remarkably similar to the isolated muscle record
shown in Figure 3. Early lengthening is also seen in the
lACC Vol. 5, No.4
April 1985:891-7
GAASCHET AL.
ASYNCHRONOUS RELAXATION OF LEFT VENTRICLE
895
FORCE (GRAI'IS-WEIGHT)
~.:
Conclusions
Within the context of this review, early relaxation refers
to myocardial lengthening before the mitral valve opens.
However, this terminology is imprecise. First, the term
"relaxation" (which refers to the process by which myo-
fibrils return to their initial tension and length) should not
be used interchangeably with fiber lengthening alone. Sec-
ond, the onset of relaxation is difficult to define and, partly
for this reason, the term "early" may be questioned. Muscle
lengthening before mitral valve opening can be considered
early, but isometric relaxation before mitral valve opening
is certainly not early. Thus, the more general term "asyn-
protodiastolic shortening in the ischemic segment are as-
sociated with early lengthening in the control segment (Fig.
5). These experimental findings are consonant with the clin-
ical observations that, in patients with coronary heart dis-
ease, segmental early relaxation is usually present in the
segment with normal motion and is rare in the abnormally
contracting segment.
Late shortening of ischemic or hypoxic myocardium is
probably due to a combination of persistent contractile ac-
tivity and recoil of passive elastic elements within the mus-
cle. Length of the normal segment during this period is
determined by the difference in relative rates of force decline
in the two segments. If contractile force declines more rap-
idly in the normal segment than in the ischemic segment,
the normal segment will show early lengthening. This tug
of war between functionally disparate segments will com-
plicate any analysis of left ventricular wall motion.
Long-term segmental disorders. Many patients with
coronary heart disease exhibit segmental hypokinesia or other
localized contraction abnormalities on a long-term basis.
Much of the left ventricular myocardium remains normal in
these patients and, thus, global function of the left ventricle
is influenced by interactions among segments (28). The
normal or strong segment influences the shortening pattern
of the weak segment, and vice versa. These interactions are
probably responsible, at least in part, for the multiple pat-
terns of abnormal length transients seen in clinical and ex-
perimental studies of left ventricular wall motion (31,32).
In addition to the effects of functional inhomogeneity, spa-
tial nonuniformity (regional variations in end-diastolic fiber
length or sarcomere length) could mimic the effects of weak
and strong myocardium in series. Likewise, temporal dis-
persion of excitation-contraction (as may occur in conduc-
tion disturbances) may also cause changes in the rate of
isovolumic pressure decline orlengthening, or both (15,33).
It appears, therefore, that nonhomogeneous contraction of
the left ventricle results in asynchronous relaxation; such
inhomogeneity can result in the combination of early length-
ening in a normal segment and late shortening in a weak
segment.
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marginal segment at 50 seconds. It appears, therefore, that
the early onset of lengthening may occur in hypoxic or
ischemic muscle when the weak muscle interacts with strong
or normal muscle. Similar patterns of early segmental
lengthening have been observed clinically during percuta-
neous transluminal balloon coronary angioplasty (30). When
left ventricular cineangiograms are obtained during very
brief periods of balloon inflation, an early outward endo-
cardial motion can be seen in the segment supplied by the
coronary vessel undergoing angioplasty. The acute devel-
opment of segmental early relaxation during transluminal
angioplasty (brief period of ischemia) is analogous to the
experimental data presented in Figures 3 and 4.
Severe or prolonged ischemia. When the ischemia is
more severe or prolonged, the ischemic segment develops
pansystolic lengthening (paradoxical bulge) with late sys-
tolic or protodiastolic shortening; the normal segment com-
monly shows a prominent early onset of lengthening which
is temporally related to protodiastolic shortening in the isch-
emic segment. Analysis of multiple segment length record-
ings from animals subjected to regional ischemia reflects a
broad spectrum of changes, but several familiar patterns are
commonly observed (31); the pansystolic lengthening and
Figure 3. Interaction between a muscle subjected to hypoxia for
60 minutes (length record in upper panel) and a "normal" muscle
(force record in lower panel). The earliest change is a premature
onset of lengthening (5 minutes), and as hypoxia progresses, there
is less total shortening; by 60 minutes the hypoxia muscle dem-
onstrates "systolic" lengthening which coincides with the period
of force development in the normal muscle. During the period of
force decline (normal muscle, below), the hypoxic muscle man-
ifests late systolic shortening. See text for details.
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chronous relaxation" might be preferable to "segmental
early relaxation."
Despite these problems, our current understanding of the
process of myocardial relaxation provides some insight into
several mechanisms that might be responsible for asyn-
chronous relaxation. For example, in the normal heart, the
hydraulic (erectile) effect of coronary perfusion could con-
tribute to segmental early relaxation in the distribution of
Figure 4. Effects of coronary occlu-
sion (CO) on contraction-relaxation of
myocardial segments in the zone of
ischemia, in a segment on the border
of the ischemic zone ("marginal") and
a remote segment ("control"). For
reference, a vertical line has been
drawn at the instant of peak negative
dP/dt, which occurs near the time of
aortic valve closure. Before coronary
occlusion, lengthening in both control
and ischemic zones begins after the
vertical reference line. Within 5 sec-
onds of coronary occlusion, the isch-
emic segment shows early lengthen-
ing. As ischemia progresses, late
systolic shortening develops similar to
the pattern seen in Figure 3. In the
control segment, the onset of length-
ening precedes the reference line at 90
seconds of ischemia; the premature
onset of lengthening in the normal seg-
ment is temporally related to late sys-
tolic shortening in the ischemic seg-
ment. This early and rapid lengthening
in the normal segment is similar to that
seen in patients with the segmental early
relaxation phenomenon. (Reproduced
from Theroux et al. [29] by permission
of the American Heart Association,
Inc.)
the left anterior descending coronary artery. However, in
the presence of an obstructing left anterior descending coro-
nary artery lesion, mild ischemia could be responsible for
early relaxation of the anterior wall, whereas more severe
ischemia could result in early relaxation of the opposing
wall. Segmental interactions resulting from uncoordinated
contraction-relaxation (due to scar or local conduction de-
lay) could also be responsible for the early relaxation phe-
I I I - oz stc)J~~
I I
BASELINE
../ V-
I
II I I I I~j
i')SCHEMIA(\
ISCHEMIC
SEGMENT
LE NGTH (mm)
CONTROL
SEGMENT
LENGTH lmm l
Figure 5. Interaction between control and ischemic
segments before (baseline) and after (ischemia) 5
minutes of coronary occlusion. The arrows denote
the onset of lengthening. In the baseline state, the
onset of lengthening is synchronous in the two seg-
ments; it occurs well after peak negative dP/dt at a
time when left ventricular pressure is approaching
its minimum. With ischemia, there is early systolic
lengthening followed by late shortening as the isch-
emic segment is first loaded during early contrac-
tion, and then unloaded during the period of pres-
sure decline (Fig. 3). The onset of lengthening in
the two segments (which was nearly simultaneous
in the baseline state) is substantially different during
ischemia. The ischemic segment lengthens 30 ms
later, whereas the onset of lengthening in the control
segments is 80 ms earlier (both relative to baseline).
These dynamic changes in the onset of lengthening
are analogous to those seen in the segmental early
relaxation phenomenon.
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nomenon. It appears, therefore, that segmental early relax-
ation may be caused by a variety of factors, some of which
may be fixed and long-term while others may be dynamic
and vary from minute to minute or even beat to beat. Under
some circumstances, a single mechanism may be respon-
sible, but sometimes an interplay of several hemodynamic
or other factors may be necessary to produce the segmental
early relaxation phenomenon.
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